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DESCRIPTION 



JOINT DEVICE FOR ARTIFICIAL LEG, 



METHOD OF CONTROLLING THE JOINT DEVICE, 



AND CONTROL UNIT 



Technical Field 



This invention relates to a joint device for an 
artificial leg, a method of controlling the joint 
device, and a control unit. 



Conventionally, a joint device for an artificial 
leg has been disclosed e.g. in Japanese Laid-Open 
Patent Publication (Kokai) No. 11-345. The joint 
device is applied to an ankle joint for connecting 
between a foot member of an artificial leg and an 
under-knee member of the same. The foot member of the 
artificial leg has an upper end portion thereof formed 
with a through hole extending laterally. On the other- 
hand, the under-knee member has a lower end thereof 
bifurcated into two arms to form a bracket with each 
arm having a hole formed therethrough. In this joint 
device, the upper end portion of the foot member is 
fitted between the arms of the bracket, and a shaft is 
fitted through the holes of the bracket and the through 
hole of the foot member. Thus, the foot member and the 
under-knee member are connected to each other such that 
they can perform pivotal motion with respect to each 
other about a horizontal axis, only in the front-rear 
direction, depending on a reaction force generated when 
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the foot member of the artificial leg lands. 

Further, conventionally , varieties of artificial 
leg joint devices have also been proposed which are 
used as a knee joint for connecting between an above- 
knee member and an under- knee member. Among these, 
there is a type having the above-knee member and the 
under-knee member connected to each other. in a manner 
pivotally movable with respect to each other about a 
horizontal axis such that the two members are locked 
when the knee joint is stretched, and unlocked when the 
user of the artificial leg triggers motion for bending 
the knee from the knee stretched state, whereby the 
under-knee member is swung forward by centrifugal force. 

However, the above joint device is not capable of 
moving the foot member and the under-knee member 
actively, but the foot member and the under-knee leg 
portion just passively perform pivotal motion with 
respect to each other depending on a reaction force 
generated e.g. by landing of the foot member. 
Therefore, differently from a non-handicapped person, 
the user cannot freely perform "toe-up motion" (see FIG. 
27C) for moving a leg forward or "kicking motion" (see 
FIG. 27B) for kicking the ground. If the user fails to 
perform toe-up motion, the toe of the foot member is 
easily caught e.g. at an uneven spot on a road, which 
can cause a fall of the user in the worst case. On the 
other hand, inability to perform kicking motion cannot 
lead to a fall of the user, but when the user is 
walking on an unpaved road, no dust is raised, which 
reveals the use of the artificial leg. This inflicts 
such a big pain on the user of the artificial leg as 
non-handicapped people cannot imagine. Another type of 
joint device has also been proposed which is capable of 
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performing active motion by using an electric motor. 
However, this joint device suffers from other problems, 
such as a short duration of power supply and an 
increased weight. 

Further, although the above-mentioned 
conventional joint device has the function of swinging 
the under-knee member forward by utilizing a 
centrifugal force, triggering motion for causing the 
swinging motion is troublesome, which makes it 
difficult to perform "knee bending/stretching motion" 
(see FIGS. 27B to 27D) . As a result, actually, in many 
cases, the user does not use the function of swinging 
the under-knee member forward, but performs "swinging- 
out motion" for moving the artificial leg forward by 
swinging the leg outward in its stretched state. This 
swinging-out motion immediately reveals the use of the 
artificial leg, which is most painful to the user of 
the artificial leg. As can be understood from the 
above, users of artificial legs earnestly desire that 
they will be freed from the need of performing 
swinging-out motion and be able to easily perform knee 
bending/stretching motion. 

Disclosure of Invention 

It is an object of the invention to. provide a 
joint device for an artificial leg, a method of 
controlling the joint device, and a control unit, which 
make it possible to dramatically reduce the weight of a 
power source and increase the duration of power 
provided by the power source, and enables a user to 
easily perform knee bending/stretching motion, toe-up 
motion, and kicking motion. 
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To attain the above object, according to a first 
aspect of the present invention, there is provided a 
joint device for an artificial leg, comprising: 

an upper member; 

a lower member spaced from the upper member; and 

an actuator connected between the upper member 
and the lower member, for accumulating energy generated 
by a weight of a user' s body acting on the artificial 
leg, and operating by releasing the accumulated energy 
to actuate the lower member into joint motion. 

According to this joint device for an artificial 
leg, the actuator accumulates energy generated by the 
weight of a user's body acting on the artificial leg, 
and operates by releasing the accumulated energy to 
actuate the lower member into joint motion. Thus, the 
joint motion is performed with the weight of the user' s 
body acting on the artificial leg being utilized as a 
drive source, and hence a power source for directly 
causing the joint to operate can be dispensed with. As 
a result, it is possible to dramatically reduce the 
weight of a power source for driving the artificial leg 
and increase the duration of power provided by the 
power source. 

Preferably, the joint device further comprises 
control means for controlling release of the 
accumulated energy to thereby control operation of the 
actuator, and the control means controls the actuator 
in respect of at least one of an operational speed and 
an operational timing . 

According to this preferred embodiment, the 
control means controls the actuator in respect of the 
operational speed and/or the operational timing. 
Therefore, it is possible to operate the artificial leg 
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at a proper speed and in proper timing, as desired. 

More preferably, the actuator comprises a 
plurality of actuators connected to different locations 
on the upper member and the lower member, and the 
control means controls the actuators such that the 
actuators operate differently in respect of at least 
one of the operational speed and the operational timing, 
so as to cause the joint motion in a direction 
different from a direction in which the weight of the 
user's body acts. 

According to this preferred embodiment, by 
controlling the actuators differently from each other 
in respect of the operational speed and/or the 
operational timing, it is possible to cause joint 
motion in a different direction from the direction in 
which the weight of the user's body acts. Therefore, 
even when a direction in which the joint is desired to 
be moved is different from the direction in which the 
weight of the user's body acts, the joint can be moved 
in the desired direction. 

For example, the upper member is an above-knee 
member, and the lower member is an under-knee member. 

According to this preferred embodiment, the joint 
device is used as a knee joint device, and allows the 
knee joint to move in a different direction from the 
direction in which the weight of the user's body acts. 
This makes it possible to convert the weight of the 
user's body acting on the artificial leg during walking 
to bending motion and stretching motion of the knee 
joint, thereby eliminating swinging-out motion which 
has been a problem with the conventional artificial 
legs, and facilitating knee bending/stretching motion. 

For example, the upper member is an under-knee 
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member, and the lower member is a foot member. 

According to this preferred embodiment, the joint 
device is used as an ankle joint device, and allows the 
ankle joint to move in a different direction from a 
direction in which the weight of the user's body acts. 
This makes it possible to convert the weight of the 
user's body acting on the artificial leg during walking 
to kicking motion and toe-up motion of the ankle joint, 
thereby eliminating fear of fall during walking and a 
problem with the conventional artificial legs that no 
dust is raised. 

More preferably, the actuator comprises a 
plurality of actuators connected to different locations 
on the upper member and the lower member, the lower 
member being rotatably connected to the actuators, and 
the control means controls the actuators such that the 
actuators operate differently in respect of at least 
one of the operational speed and the operational timing, 
so as to cause rotational motion including twisting 
motion, as the joint motion. 

According to this preferred embodiment, by 
controlling the actuators differently from each other 
in respect of the operational speed and/or the 
operational timing, it is possible to cause rotational 
motion including twisting motion, as the joint motion. 
Thus, a rotational motion including a slight twisting 
motion, which is peculiar to a human joint, can be 
realized. 

In this preferred embodiment, for example, the 
upper member is an above-knee member, and the lower 
member is an under-knee member. 

According to this preferred embodiment, the joint 
device is used as a knee joint device, and allows the 
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knee joint to perform rotational motion including 
twisting motion. Therefore, even when the remaining 
leg of a user is knock-knee legged or bowlegged, the 
motion of the artificial leg can be approximated to 
that of the remaining leg, which makes it possible to 
achieve more natural walking well-balanced between the 
right and left legs, as well as to reduce a burden on 
the remaining leg. 

More preferably, the joint device further 
comprises walking speed-detecting means for detecting a 
walking speed of the artificial leg, and the control 
means controls the actuator in respect of at least one 
of the operational speed and the operational timing 
according to the detected walking speed. 

According to this preferred embodiment, the 
actuator is controlled in respect of the operational 
speed and/or the operational timing according to the 
detected walking speed. Therefore, the artificial leg 
can be operated at a proper speed and/or in proper 
timing according to an actual walking speed, which 
makes it possible to achieve smooth walking and enhance 
the walking speed of the user. 

Further preferably, the walking speed-detecting 
means includes a plurality of grounding sensors 
arranged on a sole of a foot of the artificial leg at 
respective locations different from each other, for 
detecting a grounded state of the foot, and determines 
the walking speed based on a difference in respective 
times of outputs from the grounding sensors. 

According to this preferred embodiment, the 
walking speed is detected by the plurality of grounding 
sensors arranged on the sole of the foot of the 
artificial leg. Therefore, a large-sized detection 
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device, such as a muscle potential detector, can be 
dispensed with, which contributes to reduction of the 
weight of the artificial leg. 

More preferably, the control means controls 
operation of the actuator based on a response- 
specifying control algorithm. 

According to this preferred embodiment, since the 
operation of the actuator is controlled based on the 
response-specifying control algorithm, it is possible 
to prevent the operation of the actuator from having an 
oscillatory overshooting characteristic, to thereby 
prevent unnatural oscillatory motion of the artificial 
leg. Further, even if the dynamic characteristics of 
the actuator have changed due to aging or suffer from 
variation, it is possible to stabilize the motion of 
the artificial leg. 

Alternatively, it is preferred that the control 
means controls operation of the actuator based on a 2 
degree-of-f reedom PID control algorithm. 

According to this preferred embodiment, since the 
operation of the actuator is controlled based on the 2 
degree-of-f reedom PID control algorithm, it is possible 
to prevent the operation of the actuator from having an 
oscillatory overshooting characteristic, to thereby 
prevent unnatural oscillatory motion of the artificial 
leg. Further, the response speed of the actuator can 
be increased. Therefore, it is possible to quicken the 
motion of the artificial leg while preventing unnatural 
oscillatory motion of the artificial leg. 

More preferably, the joint device further 
comprises a power source for enabling the control means 
to control operation of the actuator, and walking 
state-detecting means for detecting whether or not the 
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artificial leg is in a walking state, and when the 
walking state-detecting means detects that the 
artificial leg is not in the walking state, the control 
means causes the actuator to operate in a direction of 
reducing consumption of electric power from the power 
source. 

According to this preferred embodiment, when the 
artificial leg is not in the walking state, the 
actuator is controlled to operate in a direction for 
reducing consumption of electric power from the power 
source, so that it is possible to save electric power 
and reduce the weight of the power source. 

To attain the above object, according to a second 
aspect of the invention, there is provided a method of 
controlling a joint device for an artificial leg, the 
joint device including an upper member and a lower 
member spaced from each other, and an actuator 
connected between the upper member and the lower member, 

the method comprising: 

an accumulation step of causing the actuator to 
accumulate therein energy generated by a weight of a 
user's body acting on the artificial leg; and 

a release step of causing the actuator to release 
the accumulated energy to thereby actuate the lower 
member into joint motion. 

According to this method of controlling a joint 
device for an artificial leg, the same advantageous 
effects as provided by the first embodiment of the 
present invention can be obtained. 

Preferably, the release step includes controlling 
the actuator in respect of at least one of an 
operational speed and an operational timing. 

More preferably, the actuator comprises a 
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plurality of actuators connected to different locations 
on the upper member and the lower member, and the 
release step includes controlTing the actuators such 
that the actuators operate differently in respect of at 
least one of the operational speed and the operational 
timing, so as to cause the joint motion in a direction 
different from a direction in which the weight of the 
user's body acts. 

For example, the upper member is an above-knee 
member, and the lower member is an under-knee member. 

For example, the upper member is an under-knee 
member, and the lower member is a foot member. 

More preferably, the actuator comprises a 
plurality of actuators connected to different locations 
on the upper member and the lower member, the lower 
member being rotatably connected to the actuators, and 
the release step includes controlling the actuators 
such that the actuators operate differently in respect 
of at least one of the operational speed and the 
operational timing, so as to cause rotational motion 
including twisting motion, as the joint motion. 

In the preferred embodiment, for example, the 
upper member is an above-knee member, and the lower 
member is an under-knee member. 

More preferably, the method further comprises a 
walking speed-detecting step of detecting a walking 
speed of the artificial leg, and the release step 
includes controlling the actuator in respect of at 
least one of the operational speed and the operational 
timing according to the detected walking speed. 

Further preferably, the joint device includes a 
plurality of grounding sensors arranged on a sole of a 
foot of the artificial leg at respective locations 
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different from each other, for detecting a grounded 
state of the foot, and the walking speed-detecting step 
includes determining the walking speed based on a 
difference in respective times of outputs from the 
grounding sensors . 

More preferably, the accumulation step and the 
release step are executed based on a response- 
specifying control algorithm. 

Alternatively, the accumulation step and the 
release step are executed based on a 2 degree-of- 
freedom PID control algorithm. 

More preferably, the joint device further 
includes a power source for controlling operation of 
the actuator, and the method further comprises a 
walking state-detecting step of detecting whether or 
not the artificial leg is in a walking state, and a 
power-saving step of causing the actuator to operate in 
a direction of reducing consumption of electric power 
from the power source when it is detected in the 
walking state-detecting step that the artificial leg is 
not in the walking state. 

According to the above preferred embodiments of 
the second aspect of the invention, the same 
advantageous effects as provided by respective 
corresponding ones of the preferred embodiments of the 
first aspect of the invention can be obtained. 

To attain the above object, according to a third 
aspect of the invention, there is provided a control 
unit including a control program for causing a computer 
to control a joint device for an artificial leg, the 
joint device including an upper member and a lower 
member spaced from each other, and an actuator 
connected between the upper member and the lower member, 
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wherein the control program causes the computer 
to cause the actuator to accumulate therein energy 
generated by a weight of a user's body acting on the 
artificial leg, and cause the actuator to release the 
accumulated energy to thereby actuate the lower member 
into joint motion. 

According to this control unit, the same 
advantageous effects as provided by the first aspect of 
the invention can be obtained. 

Preferably, when the control program causes the 
computer to cause the actuator to release the 
accumulated energy, the control program causes the 
computer to control the actuator in respect of at least 
one of an operational speed and an operational timing. 

More preferably, the actuator comprises a 
' plurality of actuators connected to different locations 
on the upper member and the lower member, and when the 
control program causes the computer to cause the 
actuator to release the accumulated energy, the control 
program causes the computer to control the actuators 
such that the actuators operate differently in respect 
of at least one of the operational speed and the 
operational timing, so as to cause the joint motion in 
a direction different from a direction in which the 
weight of the user's body acts. 

For example, the upper member is an above-knee 
member, and the lower member is an under-knee member. 

For example, the upper member is an under-knee 
member, and the lower member is a foot member. 

More preferably, the actuator comprises a 
plurality of actuators connected to different locations 
on the upper member and the lower member, the lower 
member being rotatably connected to the actuators, and 
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when the control program causes the computer to cause 
the actuator to release the accumulated energy, the 
control program causes the computer to control the 
actuators such that the actuators operate differently 
in respect of at least one of the operational speed and 
the operational timing, so as to cause rotational 
motion including twisting motion, as the joint motion. 

In this preferred embodiment, for example, the 
upper member is an above-knee member, and the lower 
member is an under-knee member . 

More preferably, the control program causes the 
computer to detect a walking speed of the artificial 
leg, and when the control program causes the computer 
to cause the actuator to release the accumulated energy, 
the control program causes the computer to control the 
actuator in respect of at least one of the operational 
speed and the operational timing according to the 
detected walking speed. 

Further preferably, the joint device includes a 
plurality of grounding sensors arranged on a sole of a 
foot of the artificial leg at respective locations 
different from each other, for detecting a grounded 
state of the foot, and when the control program causes 
the computer to detect the. walking speed of the 
artificial leg, the control program causes the computer 
to determine the walking speed based on a difference in 
respective times of outputs from the grounding sensors. 

More preferably, the control program causes the 
computer to control the accumulation of energy and the 
release of the accumulated energy by the actuator, 
based on a response-specifying control algorithm. 

Alternatively, the control program causes the 
computer to control the accumulation of energy and the 
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release of the accumulated energy by the actuator, 
based on a 2 degree-of-f reedom PID control algorithm. 

More preferably, the joint device further 
includes a power source for controlling operation of 
the actuator, and the control program causes the 
computer to detect whether or not the artificial leg is 
in a walking state, and cause the actuator to operate 
in a direction of reducing consumption of electric 
power from the power source when it is detected that 
the artificial leg is not in the walking state. 

According to the above preferred embodiments of 
the third aspect of the invention, the same 
advantageous effects as provided by respective 
corresponding ones of the preferred embodiments of the 
first aspect of the invention can be obtained. 

The above and other objects, features, and 
advantages of the invention will become more apparent 
from the following detailed description taken in 
conjunction with the accompanying drawings. 

Brief Description of Drawings 

FIG. 1A is a front view of the whole arrangement 
of an artificial leg according to a first embodiment of 
the invention; 

FIG. IB is a side view of the whole arrangement 
of the artificial leg according to the first 
embodiment; 

FIG. 2A is an enlarged front view of a knee joint 
device of the artificial leg; 

FIG. 2B is an enlarged side view of the knee 
joint device of the artificial leg; 

FIG. 3 is a perspective view showing the 
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construction of a switching valve, together with 
associated devices; 

FIG. 4A is a plan view of a valve element of the 
FIG. 3 switching valve; 

FIG. 4B is a front view of the valve element of 
the FIG. 3 switching valve; 

FIG. 4C is a side view of the valve element of 
the FIG. 3 switching valve; 

FIGS. 5A to 5C are views useful in explaining 
opening and closing operations of the FIG. 3 switching 
valve; 

FIGS. 6A to 6E are views useful in explaining 
basic operation of the knee joint device; 

FIG. 7 is a timing chart useful in explaining an 
example of control of the knee joint device during 
walking; 

FIG. 8 is a timing chart showing another example 
of control of the knee joint device during walking; 

FIG. 9A schematically illustrates a motion of the 
artificial leg adapted to a normal leg; 

FIG. 9B schematically illustrates a motion of the 
artificial leg adapted to a knock-knee leg; 

FIG. 9C schematically illustrates a motion of the 
artificial leg adapted to a bowleg; 

FIG. 10A is an enlarged front view of an ankle 
joint device of the artificial leg; 

FIG. 10B is an enlarged side view of the ankle 
joint device of the artificial leg; 

FIGS. 11A to HE are views useful in explaining 
basic operation of the ankle joint device; 

FIG. 12 is a timing chart useful in explaining an 
example of control of the ankle joint device during 
walking; 



16 



H02-1379PCT 



FIG. 13 is a block diagram of a control system of 
the artificial leg; 

FIG. 14 shows a response-specifying control 
algorithm applied to control of the artificial leg; 

FIG. 15 shows a 2 degree-of -freedom PID control 
algorithm applied to control of the artificial leg; 

FIG. 16 is a flowchart showing a main routine for 
carrying out control processes for controlling the 
artificial leg; 

FIG. 17 is a flowchart showing a subroutine for 
carrying out a sequence control time-determining 
process in the FIG. 16 control process; 

FIG. 18 is a flowchart showing a subroutine for 
carrying out a switching valve target opening- 
determining process ; 

FIG. 19 is a flowchart showing a subroutine for 
carrying out a control process for controlling a 
switching valve 13A; 

FIG. 20 is a timing chart showing an example of 
operation of the artificial leg by the FIG. 19 control 
process ; 

FIG. 21 is a flowchart showing a subroutine for 
carrying out a control process for controlling a 
switching valve 13B; 

FIG. 22 is a flowchart showing a subroutine for 
carrying out a control process for controlling a 
switching valve 13C; 

FIG. 23 is a flowchart showing a subroutine for 
carrying out a control process for controlling a 
switching valve 13D; 

FIG. 24 is a flowchart showing a subroutine for 
carrying out a control process for controlling a 
switching valve 13E; 
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FIGS. 25A is a front view showing an example of 
the arrangement of a battery and other component parts 
connected to the artificial leg; 

FIG. 25B is a side view showing the example of 
the arrangement of the battery and other component 
parts connected to the artificial leg; 

FIG. 26A is an enlarged front view of a knee 
joint device for an artificial leg, according to a 
second embodiment of the invention; 

FIG. 26B is an enlarged side view of the knee 
joint device of the artificial leg, according to the 
second embodiment; 

FIG. 27 is a diagram schematically illustrating 
human joint motions performed during walking; and 

FIG. 28 is a diagram schematically illustrating a 
motion performed by a conventional artificial leg 
during walking. 

Best Mode for Carrying Out the Invention 

The invention will now be described in detail 
with reference to drawings showing preferred 
embodiments thereof . 

Referring first to FIGS. 1A, IB, there is shown 
the whole arrangement of an artificial leg according to 
a first embodiment of the invention. The artificial 
leg 1 is a combination of a knee joint device 2 and an 
ankle joint device 3. The knee joint device 2 is 
comprised of an above-knee member 4 as an upper member 
attached to a hip joint, not shown, three expansible 
links A, B, C as actuators connected to the lower side 
of the above-knee member 4, and an under-knee member 5 
as a lower member connected to the respective lower 
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sides of the expansible links A, B, C. Further, the 
ankle joint device 3 is comprised of the under-knee 
member 5, two expansible links D, E connected to the 
lower side of the under-knee member 5, and a foot 
member 6 connected to the respective lower sides of the 
expansible links D, E . 

As shown in FIGS . 2A, 2B, the expansible links 
(hereinafter each simply referred to as "the link") A 
to C of the knee joint device 2 extend vertically in 
parallel with each other. The links A, C are arranged 
on the respective right and left sides, as viewed from 
the user of the artificial leg, and the link B is 
disposed at the center between the two links A, C, as 
illustrated in FIG . 2A, and in front of them, as 
illustrated in FIG. 2B. The links A, C are connected 
to the above-knee member 4 and the under-knee member 5 
via respective ball joints 7, 8 in a manner rotatable 
in any direction, while the link B is rigidly connected 
to the above-knee member 4 and connected to the under- 
knee member 5 via a ball joint 8 in a manner rotatable 
in any direction . 

These links A to C are identical in construction 
and each have a link body 9 extending vertically. The 
link body 9 is integrally formed by a connecting 
portion 9a attached to the above-knee member 4 in the 
above-mentioned manner, a spring mounting portion 9b 
having a rod shape and extending downward from the 
connecting portion 9a, an upper cylinder 9c, a 
connecting pipe 9d, and a lower cylinder 9e arranged 
below the spring mounting portion 9b in the mentioned 
order, and a rigid connecting portion 9f rigidly 
connecting between the connecting portion 9a and the 
lower cylinder 9e . 
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The upper cylinder 9c, the connecting pipe 9d, 
and the lower cylinder 9e communicate with each other 
to form an oil passage 9g, which is filled with 
hydraulic fluid. A pressure-accumulating piston 10 is 
inserted in the upper cylinder 10 such that it projects 
upward from the upper cylinder 9c in a vertically 
slidable manner. Between the pressure-accumulating 
piston 10 and the connecting portion 9a, there is 
disposed a pressure accumulator spring 11 in a manner 
wound around the spring mounting portion 9b. The 
pressure accumulator spring 11 constantly urges the 
pressure-accumulating piston 10 downward. On the other 
hand, within the lower cylinder 9e having a 
predetermined cross-sectional area which is larger than 
that of the upper cylinder 9c, there is arranged a 
weight-applying piston 12 such that it protrudes 
downward from the lower cylinder 9e in a vertically 
slidable manner. The weight-applying piston 12 is 
connected to the under-knee member 5 via the ball joint 
8. Due to this construction, the pressure-accumulating 
piston 10 and the weight-applying piston 12 are moved 
by the hydraulic fluid filled therebetween with. respect 
to the link body 9 in a manner interlocked with each 
other. 

As shown in FIG. 3, the respective connecting 
pipes 9d of the links A to C are provided with 
switching valves 13A to 13C (hereinafter generically 
referred to as "the switching valves 13") each for 
opening and closing the connecting pipe 9d (oil passage 
9g) associated therewith. Each switching valve 13 is 
an electric rotary type and comprised of a valve 
element 14 for opening and closing the connecting pipe 
9d, a motor 15 for driving the valve element 14 for 
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rotation, and a return spring 16 for rotating the valve 
element 14 to its original position. As shown in FIGS. 
4A to 4C, the valve element 14 is in the form of a 
cylinder having a central portion formed with a neck 
14a. The neck 14a is formed therethrough with a 
communication hole 14b. The valve element 14 is 
rotatably fitted through a valve mounting portion 9h 
integrally formed with the connecting pipe 9d, in a 
manner projecting from the opposite ends of the valve 
mounting portion 9h. The motor 15 is connected to one 
end of the valve element 14, and the return spring 16 
is connected to the other. Further, the motor 15 is 
connected to a battery 17 as a power source therefor as 
well as to a regenerative capacitor 18. When the 
switching valve 13 returns to its original position, 
energy accumulated in the return spring 16 is 
regenerated as electric power by the motor 15 and 
accumulated in the capacitor 18. The switching valve 
13 has a switching valve opening sensor 26 attached 
thereto for detecting an opening degree d act of the 
switching valve 13. 

The above construction makes it possible to 
control the rotational angle of the motor 15 to thereby 
control the switching valve 13, as illustrated in FIGS. 
5A to 5C, to one of the following positions (a) to (c) : 

(a) fully closed . position in which the valve 
element 14 blocks the connecting pipe 9d to fully close 
the oil passage 9g; 

(b) fully open position in which the 
communication hole 14b of the valve element 14 
completely matches the connecting pipe 9d to fully open 
the oil passage 9g; and 

(c) partially open position in which the 
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communication hole 14b of the valve element 14 
partially communicates with the connecting pipe 9d to 
partially open the oil passage 9g. 

Further, in the partially open position, it is 
possible to control the opening degree of the switching 
valve 13 as desired- The opening and closing of the 
switching valve 13 is controlled by a controller 25, 
described in detail hereinafter, which carries out duty 
control of an electric current to be supplied to the 
motor 15. It should be noted that, as described in 
detail hereinafter, in an inoperative state of the 
artificial leg 1, or when no electric current is 
supplied to the motor 15, the switching valve 13 is 
controlled to the fully closed position. This makes it 
possible to minimize consumption of electric power 
stored in the battery 17. 

Next, the basic operation of the knee joint 
device 2 constructed as above will be described with 
reference to FIGS. 6A to 6E. 

(a) At normal time 

Switching valves 13A to 13C: fully closed 
The oil passages 9g are fully closed so as to 
inhibit movements of the weight-applying pistons 12 and 
pressure-accumulating pistons 10, whereby the above- 
knee member 4 and the under-knee member 5 are held in a 
state linearly aligned with each other. 

(b) During weight application 

Switching valves 13A to 13C: fully open 
Since the oil passages are each fully opened, and 
reaction forces to the weight of the user's body from 
the under-knee member 5 act, the weight-applying 
pistons 12 move upward with respect to the respective 
link bodies, causing the respective pressure- 
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accumulating pistons 10 to move upward while 
compressing the respective pressure accumulator springs 
11 , whereby pressure is progressively accumulated. 

(c) During pressure maintaining time 

Switching valves 13A to 13C: fully closed 
The oil passages 9g are fully closed after the 
upward movements of the pressure-accumulating pistons 
10 have been completed, whereby the accumulated 
pressure is maintained. 

(d) During backward rotation of the under-knee member 
(knee bending motion) 

Switching valves 13A, 13C: fully closed; 
Switching valve 13B: partially open -► fully open 

The oil passage 9g of the link B is opened to 
release the accumulated and maintained pressure, so 
that the pressure-accumulating piston 10 and the 
weight-applying piston 12 of the link B move downward. 
As a result, the front link B expands to make its 
length different from (longer than) that of the rear 
links A, C. This causes the under-knee member 5 to 
rotate backward, thereby bringing the knee joint device 
2 into a state bent backward. Thus, knee bending 
motion can be achieved when the artificial leg 1 is 
moved forward. 

(e) During forward rotation of the under-knee member 
(knee stretching motion) 

Switching valves 13A, 13C: partially open — fully 
open; Switching valve 13B: fully closed 

The respective oil passages 9g of the links A, C 
are opened. As a result, the front links A, C expand 
to make their length equal to that of the front link B. 
This cause the under-knee member 5 to rotate forward, 
thereby bringing the knee joint device 2 into a state 
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stretched straight. Thus, knee stretching motion 
following the knee bending motion by the artificial leg 
1 can be achieved. 

As described above, according to the knee joint 
device 2 of the present embodiment, it is possible to 
easily achieve the knee bending motion for moving the 
artificial leg 1 forward and the following knee 
stretching motion by utilizing the weight of the user' s 
body acting on the artificial leg 1 during walking. 

Further, as shown in FIG. IB, the foot member 6 
has a heel grounding sensor 19 and a toe grounding 
sensor 20 (walking speed-detecting means, walking 
state-detecting means) fitted in the sole thereof at 
respective locations close to the heel and the toe. 
These grounding sensors 19, 20 are each implemented by 
a pressure sensor, a contact switch, or the like. The 
grounding sensors 19, 20 detect grounded states/non- 
grounded states of the respective portions of the foot 
member 6 in which they are disposed, and deliver ON/OFF 
signals indicative of the sensed grounded states/non- 
grounded states to the controller 25. The motion of 
the knee joint device 2 during walking is controlled 
according to the results of detection by the two 
grounding sensors 19, 20. 

FIG. 7 shows an example of the above control. In 
this example, when the heel grounding sensor 19 is on 
(in which the heel is grounded), the switching valves 
13A to 13C are controlled to be fully open so as to 
accumulate pressure of reaction forces to the weight of 
the user's body in the respective links, whereafter 
when a first predetermined time period dl has elapsed 
after the toe grounding sensor 20 was switched on (i.e. 
the toe was grounded) , the switching valves 13A to 13C 
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are controlled to be fully closed so as to maintain the 
accumulated pressure. Then, when a second 
predetermined time period d2 has elapsed after the toe 
grounding sensor 20 was switched off, the switching 
valve 13B starts to be opened to cause knee bending 
motion ((d) in FIG. 7) . Further, when a third 
predetermined time period d3 has elapsed after the 
switching valve 13B was fully opened, the switching 
valves 13A, 13C start to be opened to cause knee 
stretching motion ( (e) in the figure) . By executing 
the above control, it is possible to perform smooth 
knee bending and stretching motions in proper timing 
according to the states of an actual walk. 

FIG. 8 shows another example of control of the 
knee joint device 2. This example is distinguished 
from the above example of control shown in FIG. 7 in 
which the respective valve opening timings of the 
switching valves 13A, 13C for knee stretching motion 
are synchronized with each other, in that the switching 
valves 13A, 13C are opened at different valve opening 
timings for knee stretching motion. More specifically, 
the switching valve 13C starts to be opened when a 
third predetermined time period d3C set for the 
switching valve 13C has elapsed after the switching 
valve 13B was fully opened, while the switching valve 
13A starts to be opened later than the switching valve 
13C when a third predetermined time period d3A set for 
the switching valve 13A has elapsed after the switching 
valve 13B was fully opened. 

By thus making timing for expansion of the link C 
earlier than timing for expansion of the link A, it is 
possible to twist (bend) the under-knee member 5 toward 
the link A during knee stretching motion, thereby 
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achieving knock-knee walking or bowleg walking. For 
instance, in the present embodiment, since the links A, 
C correspond, as described above, to the respective 
right-side and left-side links as viewed by the user of 
the artificial leg 1, when the artificial leg 1 is for 
a right leg as shown in FIGS. 9A to 9C, it is possible 
to achieve knock-knee walking by twisting the under- 
knee member 5 toward the link A, i.e. outward, as 
illustrated in FIG. 9B. Further, when the respective 
valve opening timings of the switching valves 13A, 13C 
are set to the reverse of the above setting, it is 
possible to achieve bowleg walking as illustrated in 
FIG. 9C. 

Therefore, whether the remaining leg of a user is 
knock-knee legged or bowlegged, the motion of the 
artificial leg 1 can be approximated to that of the 
remaining leg, which makes it possible to achieve more 
natural walking well-balanced between the right and 
left legs, as well as to reduce load applied to the 
remaining leg. Needless to say, when the remaining leg 
is not knock-knee legged or bowlegged but a normal one 
(FIG. 9A) , the valve opening timings for the respective 
switching valves 13A, 13C are controlled in a 
synchronous manner. Further, although in the FIG. 8 
example, the respective valve opening timings of the 
switching valves 13A, 13C are made different from each 
other, respective valve opening speeds of the switching 
valves 13A, 13C may be made different in place of or in 
addition to the utilization of the different valve 
opening timings, which enables finer control. 

Next, the construction and operation of the ankle 
joint device 3 will be described with reference to FIGS. 
10A to 12. As described hereinbefore, the ankle joint 
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device 3 is comprised of the under-knee member 5 as an 
upper member, the two expansible links D, E as 
actuators connected to the lower side of the under-knee 
member 5, and the foot member 6 as a lower member 
connected to the respective lower sides of the 
expansible links D, E. 

As shown in FIGS. 10A, 10B, the expansible links 
(hereinafter each simply referred to as "the link") D, 
E are disposed at respective front and rear locations, 
and extend vertically in parallel with each other. The 
links D, E have the same construction as the links A to 
C of the knee joint device 2 described hereinabove. 
The front link D is rotatably connected to the under- 
knee member 5 and the foot member 6 via the respective 
ball joints 21, 22. On the other hand, the rear link E 
is rigidly connected to the under-knee member 5 and 
rotatably connected to the foot member 6 via a ball 
joint 22. The foot member 6 has a shoe-like shape. It 
should be noted that, as shown in FIG. 10B, respective 
portions of the links D, E where the lower ball joints 
22 are connected are made different in level, such that 
the foot member 6 is slightly tilted upward from the 
heel toward the toe in its initial state, so as to 
facilitate walking when the ankle joint device 3 is out 
of order. 

The basic operation of the ankle joint device 3 
is basically the same as that of the knee joint device 
2 described hereinabove. In the following, a 
description of the basic operation will be given with 
reference to FIGS. 11A to HE. 
(a) At normal time 

Switching valves 13D, 13E: fully closed 

The oil passages 9g are fully closed, whereby the 
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under-knee member 5 and the foot member 6 are held in 
their initial states. 

(b) During weight application ' 

Switching valves 13D, 13E: fully open 
Since the oil passages 9g are fully opened, and 
reaction forces to the weight of the user's body from 
the foot member 6 act, the weight-applying pistons 12 
and the pressure-accumulating pistons 10 move upward to 
compress the respective pressure accumulator springs 11, 
whereby pressure is accumulated. At the same time, the 
foot member 6 is brought to a substantially horizontal 
position with its toe-side portion rotated downward. 

(c) During pressure maintaining time 

Switching valves 13D, 13E: fully closed 
The oil passages 9g are fully closed, whereby the 
accumulated pressure is maintained. 

(d) During downward rotation of the foot member 
(kicking motion) 

Switching valves 13D: partially open — fully 
open; Switching valve 13E: fully closed 

The oil passage 9g of the link D is opened to 
release the accumulated pressure, so that the pressure- 
accumulating piston 10 and the weight-applying piston 
12 of the link D move downward. As a result, the front 
link D expands to make its length different from 
(longer than) that of the rear link E. This causes the 
foot member 6 to rotate with its toe-side portion 
moving downward. Thus, kicking motion by the 
artificial leg 1 can be achieved. 

(e) During upward rotation of the foot member (toe-up 
motion) 

Switching valve 13D: fully closed; Switching 
valve 13E: partially open -> fully open 
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The oil passage 9g of the link E is opened. As a 
result, the link E expands to make its length equal to 
that of the link D. This causes the foot member 6 to 
rotate with its toe-side portion moving upward. Thus, 
toe-up motion following the kicking motion by the 
artificial leg 1 can be achieved. 

As described above, according to the ankle joint 
device 3 of the present embodiment, it is possible to 
easily achieve the kicking motion and the following 
toe-up motion by utilizing the weight of the user's 
body acting on the artificial leg 1 during walking. 

Further, similarly to the case of the knee joint 
device 2, the motions of the ankle joint device 3 
during walking are controlled according to the results 
of detection by the heel grounding sensor 19 and the 
toe grounding sensor 20. FIG. 12 shows an example of 
the control. In this example, when the heel grounding 
sensor 19 is on, the switching valves 13D, 13E are 
controlled to be fully open so as to accumulate 
pressure in the respective links, whereafter when a 
fourth predetermined time period d4 has elapsed after 
the toe grounding sensor 20 was switched on, the 
switching valves 13D, 13E are controlled to be fully 
closed so as to maintain the accumulated pressure. 
Then, when a fifth predetermined time period d5 has 
elapsed after the toe grounding sensor 20 was switched 
off, the switching valve 13D starts to be opened to 
cause kicking motion ((d) in FIG. 12). Further, when a 
sixth predetermined time period d6 has elapsed after 
the switching valve 13D was fully opened, the switching 
valve 13E starts to be opened to cause toe-up motion 
((e) in FIG. 12). By executing the above control, it 
is possible to perform kicking motion and the following 
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toe-up motion smoothly in respective proper timings 
according to the states of an actual walk. 

Next, the control of the artificial leg 1 
constructed as above will be described in detail. FIG. 
13 shows the configuration of a control system of the 
artificial leg 1. The controller 25 (control means, 
walking speed-detecting means, walking state-detecting 
means) is implemented by a microcomputer, and comprised 
of a switching valve opening-calculating section 27, 
and switching valve control sections 28 (28A to 28E) 
associated with the switching valves 13, respectively. 
The switching valve opening-calculating section 27 

calculates respective target opening degrees 0T ( d AT 
to 6 ET) of the switching valves 13A to 13E based on 
detection signals from the heel grounding sensor 19 and 
the toe grounding sensor 20. 

Further, the switching valve control sections 28 
calculate duty ratios DUT (DUTA to DUTE) of electric 
currents to be supplied to the motors 15 of the 
switching valves 13, from the calculated target opening 

degrees opening degrees 6 T and opening degrees of the 
switching valves 13 (hereinafter each referred to as 
"the actual switching valve opening degree") 6 act 

( 0 Aact to 0Eact) detected by the switching valve 
opening sensors 26, and deliver to the motors 15 drive 
signals based on the calculated duty ratios DUT to 
thereby control the opening degrees of the switching 
valves 13, respectively. In this case, the switching 
valve control sections 28 calculate the respective duty 
ratios DUT based on a sliding mode control algorithm as 
a kind of response-specifying control algorithm shown 
in FIG. 14. 
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In the equations in FIG . 14, a symbol a 
represents a switching function, a symbol e a follow-up 
error, and a symbol S a switching function-setting 
parameter (0 < S < 1) . Kech, Kadp, Keq and keqr are 
feedback gains. Further, a symbol k represents a 
position in the sequence of sampling cycles. According 
to sliding mode control based on this algorithm, the 
follow-up error e is controlled to swiftly converge to 
a value of 0 (i.e. the actual switching valve opening 
degree 0 act is controlled to swiftly converge to the 
target opening degree 0T), which makes it possible to 
prevent the operations of the switching valves 13 from 
having an oscillatory overshooting characteristic, to 
thereby prevent unnatural oscillatory motion of the 
artificial leg 1. Further, even if the dynamic 
characteristics of the switching valves 13 have changed 
due to aging or suffer from variation, it is possible 
to stabilize the motion of the artificial leg 1. 

Alternatively, the duty ratios DUT may be 
calculated not by the sliding mode control algorithm, 
but by a 2 degree-of -freedom PID control algorithm 
shown in FIG. 15. In the equations in FIG. 2, the 
symbol e represents a follow-up error, and Kp, Kpr, Kd, 
Kdr, and ki represent feedback gains. According to the 
2 degree-of-f reedom PID control based on this algorithm, 
similarly to the sliding mode control, the follow-up 
error e is controlled to converge to a value of 0, 
which makes it possible to prevent the operations of 
the switching valves 13 from having an oscillatory 
overshooting characteristic, to thereby prevent 
unnatural oscillatory motion of the artificial leg 1. 
Further, the response speed of each switching valve 13 
can be increased, which makes it possible to quicken 
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the motion of the artificial leg 1 while preventing 
unnatural oscillatory motion of the artificial leg 1. 

Next, a description will be given of a control 
process which is executed by the controller 25 for 
controlling the artificial leg 1. This process is 
carried out at predetermined time intervals. FIG. 16 
shows a main routine for carrying out the control 
process. First, it is determined in a step SI whether 
or not the heel grounding sensor 19 is on. If the 
answer to this question is negative (NO) , which means 
that the heel of the foot member 6 is not in the 
grounded state, a time difference timer tmdsls2 is 
reset to 0 in a step S2 . The time difference timer 
tmdsls2 and other various timers referred to 
hereinafter are increment timers each of which has its 
count incremented by 1 whenever the process is executed 
(i.e. at the predetermined time intervals). Then, a 
grounding time difference tmdsls2fix and a pressure 
maintaining timer tmkpp are reset to 0 in respective 
steps S3 and S4, followed by the process proceeding to 
steps S12 et seq. 

If the answer to the question of the step SI is 
affirmative (YES) , which means that the heel is in the 
grounded state, it is determined in a step S5 whether 
or not the toe grounding sensor 20 is on. If the 
answer to the question is negative (NO), which means 
that the toe of the foot member 6 is not in the 
grounded state, a switching valve control timer tmcon 
is reset to 0 in a step S6, followed by the process 
proceeding to the steps S3 et seq. As is apparent from 
the above processing, a count value of the time 
difference timer tmdsls2 indicates a time period 
elapsed after the heel was grounded, while a count 
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value of the switching valve control timer tmcon 
indicates a time period elapsed after the toe was 
grounded. Further, a count value of the pressure 
maintaining timer tmkpp indicates a time period elapsed 
after the heel and the toe were both grounded (see FIG. 
20) . 

If the answer to the question of the step S5 is 
affirmative (YES), i.e. if the heel and the toe are 
both in the grounded state, it is determined in a step 
S7 whether or not the grounding time difference 
tmdsls2fix is equal to 0. If the answer to the 
question is affirmative (YES), i.e. if this is a loop 
immediately after the heel and the toe were both 
grounded, the grounding time difference tmdsls2fix 
between the heel grounding and the toe grounding is set 
to the present count value of the time difference timer 
tmdsls2 in a step S8, followed by the process 
proceeding to a step S9. On the other hand, if the 
answer to the question of the step S7 is negative (NO) , 
the step S8 is skipped over to the step S9, wherein an 
undefined state timer tmunknown is reset to 0 . A count 
value of the undefined state timer tmunknown indicates 
a duration of a state in which either the heel or the 
toe is not in the grounded state. 

Then, in a step S10, a sequence control time- 
determining process is executed. In this process, a 
pressure maintaining start time, a switching valve 
opening start time, and a switching valve full opening 
start time of each switching valve 13 are determined 
based on the grounding time difference tmdsls2fix set 
in the step 8. The sequence control time-determining 
process is executed following a subroutine shown in FIG. 
17. In a step S21 of the subroutine, a pressure 
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maintaining start time tmkpabc for the switching valves 
13A to -13C and a pressure maintaining start time tmkpde 
for the switching valves 13D and 13E are determined by 
looking up respective tables therefor according to the 
grounding time difference tmdsls2fix. In the tables, 
the pressure maintaining start time tmkpabc and the 
pressure maintaining start time tmkpde are each set to 
a smaller value as the grounding time difference 
tmdsls2fix is smaller, i.e. as the walking speed is 
higher. Due to this configuration, timing for starting 
to maintain the accumulated pressure in response to 
grounding of the artificial leg 1 is made earlier as 
the walking speed is higher, and hence it is possible 
to maintain the pressure by operating each switching 
valve 13 in a proper timing dependent on the actual 
walking speed. 

Then, in a step S22, switching valve opening 
start times tmopal, tmopbl, tmopcl, tmopdl, and tmopel 
for the switching valves 13A to 13E are determined by 
looking up respective tables therefor according to the 
grounding time difference tmdsls2fix. In the tables, 
similarly to the pressure maintaining start times, the 
switching valve opening start times tmopal to tmopel 
are each set to a smaller value as the grounding time 
difference tmdsls2fix is smaller. This configuration 
makes it possible to open each switching valve 13 in a 
proper timing dependent on the actual walking speed. 

Further, to achieve knee bending motion and the 
following knee stretching motion by the knee joint 
device 2, it is necessary to open the switching valve 
13B prior to the switching valves 13A, 13C, as 
described hereinbefore. Therefore, the value of tmopbl 
for the switching valve 13B is set to a smaller value 
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than the values of tmopal and tmopcl for the switching 
valves 13A and 13C. Similarly, to achieve kicking 
motion and the following toe-up motion by the ankle 
joint device 3, it is necessary to open the switching 
valve 13D prior to the switching valve 13E. Therefore, 
the value of tmopdl for the switching valve 13D is set 
to a smaller value than the value of tmopel for the 
switching valve 13E. 

Then, in a step S23, switching valve full opening 
start times tmopa2, tmopb2, tmopc2, tmopd2, and tmope2 
for the switching valves 13A to 13E are determined by 
looking up respective tables therefor according to the 
grounding time difference tmdsls2fix. In the tables, 
the switching valve full opening start times tmopa2 to 
tmope2 are each set to a larger value than the 
corresponding one of the switching valve opening start 
times tmopal to tmopel, based on the temporal 
relationship between control operations for each 
switching valve that the switching valve is controlled 
to be fully opened after being controlled to start to . 
be opened. Further, the switching valve full opening 
start times tmopa2 to tmope2 are each set to a smaller 
value as the grounding time difference tmdsls2fix is 
smaller. This configuration makes it possible to fully 
open each switching valve 13 in a proper timing 
dependent on the actual walking speed. Moreover, for 
the same reason as in the case of the switching valve 
opening start times tmopal to tmopel, the value of 
tmopb2 for the switching valve 13B is set to a smaller 
value than the values of tmopa2 and tmopc2 for the 
respective switching valves 13A and 13C, and the value 
of tmopd2 for the switching valve 13D is set to a 
smaller value than the value of tmope2 for the 
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switching valve 13E. 

Referring again to FIG. 16, in a step Sll 
following the step S10, a determination process for 
determining a target opening degree of each switching 
valve 13 is executed. In this determination process, a 
target opening degree of each switching valve 13 in the 
partially open state is determined according to the 
grounding time difference tmdsls2fix. The 
determination process is executed following a 
subroutine shown in FIG. 18. In a step S31 of the 
subroutine, the target opening degrees 6 AT, 6 BT, 6 CT, 
6 DT, and d ET of the switching valves 13A to 13E are 
determined by looking up respective tables therefor 
according to the grounding time difference tmdsls2fix. 
In these tables, the target opening degrees d AT to 
6 ET are each set to a smaller value as the grounding 
time difference tmdsls2fix is smaller, similarly to the 
above tables. 

Referring again to FIG. 16, in steps S12 to S16 
following the step Sll, control processes for 
controlling the switching valves 13A to 13E are 
executed, respectively. FIG. 19 shows a subroutine of 
the control process for controlling the switching valve 
13A. In the following, steps of the control process 
will be described in detail with reference to FIG. 20. 
First, it is determined in a step S41 whether or not 
the count value of the undefined state timer tmunknown 
is larger than a predetermined value TMUKMAX 
(equivalent e.g. to 3 seconds). If the answer to the 
question is affirmative (YES), i.e. if a state in which 
one of the heel and the toe is not grounded has 
continued for more than the predetermined time period, 
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it is judged that the artificial leg 1 is in an 
unstable state and not in a walking state,, so that the 
target opening degree 6 AT of the switching valve 13A 
is set to a value of 0 (corresponding to the fully 
closed state) in a step S42. in response to this, an 
electric current to be applied to the motor 15 is set 
to 0, whereby the switching valve 13A is controlled to 
be fully closed. By thus setting the electric current 
to be applied to the motor 15 to 0 when the artificial 
leg 1 is not in the walking state, it is possible not 
only to minimize consumption of electric power stored 
in the battery 17, but also to reduce the weight of the 
battery 17 . 

If the answer to the question of the step S41 is 
negative (NO) , it is determined in a step S43 whether 
or not the count value of the switching valve control 
timer tmcon is equal to 0. If the answer to the 
question is affirmative (YES), i.e. if the heel is in 
the grounded state, and at the same time the toe is not 
(between time tl and time t2 in FIG. 20) , the target 
opening degree 6 AT of the switching valve 13A is set 
to 90 degrees (corresponding to the fully open state) 
in a step S44. As a result, the switching valve 13A is 
controlled to be fully opened at time tl immediately 
after the heel having been grounded, and pressure is 
accumulated in the link A. 

If the answer to the question of the step S43 is 
negative (NO) , it is determined in a step S45 whether 
or not the count value of the pressure maintaining 
timer tmkpp is smaller than the pressure maintaining 
start time tmkpabc set in the step S21 in FIG. 17. If 
the answer to the question is affirmative (YES), i.e. 
if a time period elapsed after the heel was grounded 
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has not reached the pressure maintaining start time 
tmkpabc (between time t2 and time t3) , the step S44 is 
executed, whereby the switching valve 13A is held in 
the fully. open state, and the accumulation of pressure 
in the link A is continued. 

If the answer to the question of the step S45 is 
negative (NO), i.e. if the time period elapsed after 
the heel was grounded has reached the pressure 
maintaining start time tmkpabc (time t3) , it is 
determined in a step S4 6 whether or not the count value 
of the switching valve control timer tmcon is larger 
than the switching valve opening start time tmopal set 
in the step S22 in FIG. 17. The answer to the question 
is negative (NO) when this step S45 is executed for the 
first time, and hence in the present case, the step S42 
is executed to control the switching valve 13A to be 
fully closed. As a result, the pressure accumulated in 
the link A is maintained (between time t3 and time t5) . 

If the answer to the question of the step S46 is 
affirmative (YES), i.e. if the time period elapsed 
after the toe was grounded has reached the switching 
valve opening start time tmopal (time t5) , it is 
determined in a step S47 whether or not the count value 
of the switching valve control timer tmcon is larger 
than the switching valve full opening start time tmopa2 
set in the step S23 in FIG. 17. The answer to the 
question is negative (NO) when this step S47 is 
executed for the first time, and hence in this case, 
the program proceeds to a step S48, wherein the target 
opening degree d AT of the switching valve 13A is set 
to the target opening degree 6 AT set in FIG. 18. As a 
result, the switching valve 13A starts to be opened 
partially (time t5) , whereby knee bending motion is 
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started. In this case, as described hereinbefore, the 
switching valve 13A has its opening degree controlled 
based on the response-specifying control algorithm or 
the 2 degree-of-f reedom PID control algorithm. 

If the answer to the question of the step S47 is 
affirmative (YES) , i.e. if the time period elapsed 
after the toe was grounded has reached the switching 
valve full opening start time tmopal (time t6) , the 
step S44 is executed, whereby the switching valve 13A 
starts to be fully opened. Thereafter, so long as the 
artificial leg 1 is not in an undefined state, the 
switching valve 13A is held fully open, and control of 
the switching valve 13A is repeatedly performed 
according to the states of walking of the artificial 
leg 1, as described above. 

FIGS. 21 to 24 show respective subroutines of 
control processes for controlling the other switching 
valves 13B to 13E. As shown in the figures, steps of 
each of the control processes for controlling the 
switching valves 13B to 13E are basically the same as 
those of the control process for controlling the 
switching valve 13A, and the control processes are 
carried out in the same manner by using the pressure 
maintaining start times tmkpabc or tmkpde set for the 
respective switching valves, the switching valve 
opening start times tmopbl to tmopel, and the switching 
valve full, opening start times tmopb2 to tmope2 . 

FIGS. 25A, 25B show an example of a layout of the 
battery 17, the capacitor 18, and the controller 25 for 
the artificial leg 1. It is preferred that these 
components are disposed at as high a location as 
possible so as to avoid a short circuit or failure due 
to submersion, splash, or the like in the rain. When 
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any of the components is attached to the under-knee 
member 5 as is the case with the illustrated capacitor 
18, it is preferred that the component is disposed at 
an upper location close to the links A to C, because 
the rotational speed of the under-knee member 5, hence, 
the walking speed, can be made higher as the moment of 
inertia about the knee joint portion (links A to C) is 
smaller. On the other hand, when any of the components 
is attached to the links A to C or the above-knee 
member 4 as is the case with the battery 17 and the 
controller 25 shown in FIGS. 25A, 25B, it is preferred 
that the component is disposed at an upper location as 
far away from the under-knee member 5 as possible 
because the artificial leg 1 can be moved with a 
smaller force as the moment of inertia about the hip 
joint portion above the above-knee member 4 is smaller. 

FIGS. 26A, 26B show a knee joint device of an 
artificial leg, according to a second embodiment of the 
invention. The knee joint device 32 is a simplified 
type using two expansible links (hereinafter each 
simply referred to as "the link") F, G arranged as 
actuators between the above-knee member 4 and the 
under-knee member 5. The two links F, G have the same 
construction as the links A to E described hereinabove. 
The link F is disposed on the right front side. The 
link F is rigidly connected to the above-knee member 4 
and rotatably connected to the under-knee member 5 via 
a rotary joint 38. The link G is disposed offset from 
the link F toward the left side and the rear side, and 
rotatably connected to the above-knee member 4 and the 
under-knee member 5 via respective rotary joints 37, 38. 
The remainder of the construction of the knee joint 
device 32 is the same as that of the knee joint device 
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of the first embodiment. 

According to this knee joint device 32, joint 
motions corresponding to a knock-knee leg and a bowleg 
cannot be performed, but knee bending/stretching motion 
can be achieved by the simpler construction than the 
construction of the first embodiment. 

It should be noted that the present invention can 
be implemented in various forms without being limited 
to the above-described embodiments. For instance, 
although in the above embodiments, the switching valve 
opening start times tmopal to tmopel and the switching 
valve full opening start times tmopa2 to tmope2 are set 
differently between the link B and the links A, C and 
between the link D and the link E to thereby mainly 
control the respective operational timings of the links 
such that they are different from each other, the 
respective operational speeds of the links may be 
controlled in place of or in addition to the control of 
the operational timings e.g. by setting the respective 
target opening degrees 6 T of the switching valves in 
partially open states to values largely different from 
each other. 

Further, although the sliding mode control 
algorithm is used as a response-specifying control 
algorithm for controlling the opening degree of each 
switching valve 13, this is not limitative, but the 
back stepping control algorithm may be employed. 
Moreover, the artificial leg 1 of the embodiments is a 
combination of the knee joint device 2 and the ankle 
joint device 3, but it goes without saying that an 
artificial leg for a user having his/her under-knee 
portion amputated is formed by the ankle joint device 3 
alone . 
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Industrial Applicability 

According to the joint device for an artificial 
leg, the method of controlling the joint device, and 
the control unit of the present invention, the actuator 
accumulates energy generated by the weight of a user's 
body acting on the artificial leg, and operates by 
releasing the accumulated energy to actuate the lower 
member into joint motion. Thus, the joint motion is 
performed with the weight of the user's body acting on 
the artificial leg being utilized as a drive source, 
and hence a power source for directly causing the joint 
to operate can be dispensed with. As a result, it is 
possible to dramatically reduce the weight of a power 
source for driving the artificial leg and increase the 
duration of power provided by the power source, so that 
the joint device can be suitably and advantageously 
used in artificial legs. 



